elevated plasma levels of pigment epitheliumderived factor correlated with inflammation and lung function in COPD patients Xiaoou li [1] [2] [3] 
Introduction
Chronic obstructive pulmonary disease (COPD) is a disease characterized by progressive airflow limitations that are poorly reversible and closely associated with aberrant inflammatory responses to noxious particles. 1 Recent research has found in both pulmonary and systemic circulation in COPD patients the release of
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li et al proinflammatory cytokines, which are considered to play significant roles in the pathogenesis of COPD. 2, 3 Pigment epithelium-derived factor (PEDF) is a 50 kD small secreting glycoprotein that belongs to a noninhibitory serpin family group. PEDF was first identified as a potent angiostatic cytokine that originated from human retinal pigment epithelium. 4 Several other observations showed that PEDF is also expressed in many tissues, such as adipose and lung tissues. 5, 6 PEDF participates in multiple physiological and pathological processes. 7, 8 It has been reported that PEDF is a potent endogenous molecule that induces tumor cell apoptosis via the Fas-nuclear factor-kappa B (NF-kB) and caspase families. 9, 10 Furthermore, increased PEDF has been observed in the peripheral blood of patients with obesity or atherosclerosis. 11, 12 Finally, a previous study has demonstrated PEDF-induced inflammatory signaling in muscle and fat cells. 13 However, whether PEDF is involved in the pathogenesis of COPD is unknown.
The aim of the present research was to explore the potential role of PEDF in COPD. In the present study, we measured PEDF expression in both cigarette smoke extract (CSE)-stimulated epithelial cells and lung tissues of rats exposed to cigarette smoke (CS). We also detected the plasma concentration of PEDF and classic proinflammatory cytokines in nonsmoker (NS) controls, healthy smokers (HS), and stable COPD patients. In addition, we performed a spirometry examination and analyzed the correlations between PEDF and lung function in the study subjects. Our findings provided a novel link between PEDF and COPD, suggesting that PEDF is involved in the pathogenesis of COPD.
Methods
Cell culture
Human lung cells (NCI-H292) were purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured at 37°C in a 5% CO 2 environment in Roswell Park Memorial Institute (RPMI)-1640 medium (Invitrogen; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen; Thermo Fisher Scientific) and 100 U/mL of penicillin and streptomycin antibiotics (penicillin-streptomycin, Invitrogen; Thermo Fisher Scientific). CSE in RPMI medium was freshly prepared for each experiment, as previously described. 14 
animals
Male specific pathogen-free grade Sprague Dawley rats (weighing 180-220 g) were obtained from the Laboratory Animal Center of Sichuan University (Chengdu, People's Republic of China). Animals had free access to regular food and tap water, and they were maintained on a 12-hour light/12-hour dark cycle at a room temperature of 23°C±2°C. All rat experiments were performed according to the Laboratory Animal Care Guidelines of West China School of Medicine, Sichuan University.
Patient population
Eighty subjects aged from 40 to 90 years were recruited from September 2012 until August 2013 in Sichuan Province, People's Republic of China. We collected questionnaires and performed physical examinations to obtain the subjects' background information. We also performed diagnostic tests, including pulmonary function tests, using a Spirotel ® spirometer purchased from Mir Medical International Research Srl (Rome, Italy) and chest X-ray to screen COPD patients. Twenty nonsmoking volunteers with normal spirometry results and without a history of cigarette smoking were included as the healthy NS group. Ten smoking volunteers with normal spirometry results and a tobacco smoking history were considered as the HS group. According to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) classifications, subjects with postbronchodilator forced expiratory volume in 1 second (FEV 1 )/forced vital capacity (FVC) ,70% were enrolled as the COPD patient group. All subjects taking glucocorticoids (inhaled and oral) and bronchodilators in the previous 3 months were excluded. In addition, participants with respiratory disorders (bronchiectasis, lung cancer, tuberculosis, and chronic bronchitis) or diseases known to be associated with an increase in circulating PEDF (retinopathy) were not enrolled. Our study was approved by the Ethics Committees at the West China School of Medicine, Sichuan University. All subjects provided their signed informed consent.
Measurements of circulating PeDF and blood parameters
We drew the venous peripheral blood of subjects, and the samples were then centrifuged for 10 minutes at 400 g at 4°C. The plasma was collected and stored at -80°C until measurement. Concentrations of PEDF, C-reactive protein (CRP), interleukin (IL)-8, IL-6, and tumor necrosis factor (TNF)-α were determined using Milliplex MAP circulating enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer's protocol (Merck KGaA, Darmstadt, Germany).
Blood samples were detected by an SF-3000 blood counter system, and white blood cells were categorized. Blood 
exposure of rats to Cs
Cigarettes were purchased from the Cigarette Factory and contained 1.0 mg of nicotine and 14 mg of tar per cigarette (Tianxiaxiu, Chengdu, People's Republic of China). Animals were handled and exposed to CS, as previously described. 15 Briefly, wild-type rats were subsequently exposed to CS (five cigarettes) for 30 minutes twice a day, 6 days per week, and for up to 4 weeks using a mechanical smoking chamber. Sham rats were exposed to ambient air as control. After 4 weeks of CS exposure, the rats were sacrificed and lung tissues were collected for Western blotting.
Western blotting analysis
The lung tissues of the sham and CS rat groups were homogenized with radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with a protease inhibitor cocktail and phenylmethylsulfonyl fluoride (PMSF) (Biocolor BioScience Technology Company, Shanghai, People's Republic of China). The lysates were centrifuged at 12,000 rpm for 30 minutes at 4°C, and the supernatants were subsequently collected. Concentrations of the total protein were measured by the BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA). The procedure was performed as previously described. 16 Equal amounts of protein were immunoblotted with anti-PEDF primary antibody. The density of the bands was quantified using ImageJ software and normalized against anti-β-actin an as a control.
statistical analysis
Values were presented as the mean ± standard error, unless otherwise indicated. All statistical analyses were conducted using SPSS version 17.0 (SPSS Inc., Chicago, IL, USA). The normal distribution of these data has been confirmed. For multiple comparisons, one-way analysis of variance and least significant difference were used to analyze the experimental data. Pearson's correlation analysis was used to investigate the correlations between the PEDF levels and inflammatory cytokine or lung function parameters. The association between patient characteristics and PEDF levels was evaluated by multivariate linear regression analysis. P#0.05 was considered statistically significant.
Results
elevated PeDF levels in Cse-treated pulmonary epithelial cells and in the lung homogenate of rats exposed to Cs
To investigate the candidate proteins involved in the pathogenesis of COPD, we stimulated the pulmonary epithelial cells with CSE. As described in the Methods section, we cultured the human pulmonary epithelium NCI-H292 cell line with/without CSE treatment for 24 hours. Afterwards, the protein expression changes of the samples were identified using a mass spectrometer. We found that CSE dramatically induced PEDF secretion as much as 16.2-fold more than in the untreated cells ( Figure 1A ). To further confirm this observation, we also collected the lung tissues of rats that were exposed to CS for 4 weeks, and we detected PEDF expression in lung homogenate by Western blotting. It was found that the PEDF protein consistently increased more than twofold in the CS-treated mice when compared with the mice in the sham group ( Figure 1B) . Considering that cigarette smoking is the most common cause of COPD, our data indicate that PEDF may be involved in sustained inflammation, which is induced by cigarette smoking in COPD.
Clinical characteristics of COPD patients
To examine whether PEDF is a potential mediator in COPD pathogenesis, we measured the circulating PEDF levels in recruited healthy participants with or without a history of smoking and also in stable COPD patients. The general clinical characteristics of the healthy volunteers with or without a history of smoking, as well as the COPD patients, are shown in Table 1 . Subjects in the NS, HS, and COPD groups were age matched, and there were no differences in body mass index, blood pressure, and metabolism parameters. The HS group had more male subjects than did the NS group, but not more than the COPD group. COPD patients had a lower PaO 2 level when compared with the NS subjects. In addition, HS had a higher, though not significant, mean cumulative tobacco consumption of 33.00±5.37 packs/year, as compared with the COPD patients, who had a mean tobacco consumption of 21.48±2.46 packs/year. A B Figure 1 Cigarette smoke (Cs)-induced pigment epithelium-derived factor (PeDF) expression both in vitro and in vivo. Notes: (A) human h292 cell lines were cultured and labeled with a stable isotope. Cells were incubated with or without the presence of cigarette smoke extract (Cse) for 24 hours. Then, cells were harvested to measure molecular species compositions of the cell protein using mass spectra. CSE significantly induced PEDF protein expression as much as 16.2-fold when compared with untreated controls. The experiment was repeated three times and a representative result is shown here. (B) Wild-type rats were exposed to Cs for 4 weeks (2×30 minutes/day and 6 days/week) using a mechanical smoking chamber. sham rats were exposed to ambient air as control. afterwards, rat lung tissues were homogenized to extract protein. Samples were detected using Western Blotting with specific PEDF and β-actin antibodies. Band densities were quantified and bars showed fold changes normalized to β-actin as control. Each group included five rats and the experiment was repeated three times. 
Circulating PeDF is upregulated in COPD patients
We then measured the PEDF levels using multiplex ELISA. We found that PEDF levels had increased significantly in the plasma of COPD patients in comparison with both the NS and HS groups (551.16±23.66 versus 378.80±27.92 ng/ml; and 551.16±23.66 versus 439.80±51.78 ng/ml, respectively; Figure 2 ). There were no differences found among the healthy volunteers ( Figure 2 ).
PeDF may play a role in mediating the proinflammatory response in COPD Next, we investigated the relationship between PEDF and COPD inflammatory mediators. In our study, selected inflammation biomarkers, including CRP, IL-8, TNF-α, and IL-6 levels in peripheral blood, were distinguished among the COPD patients, the NS group, and the HS group. In the univariate analysis, there were positive correlations between PEDF and CRP (r=0.4294; P,0.0001), IL-8 (r=0.2947; P,0.008), TNF-α (r=0.2665; P,0.0169), and IL-6 (r=0.3433; P,0.0018). Since neutrophils were reported to be responsible for lung destruction and chronic inflammatory processes, we then analyzed the correlation between PEDF expression and neutrophil count via whole blood analysis. As shown in Figure 3E- Figure 2 levels of pigment epithelium-derived factor (PeDF) in the plasma from the healthy nonsmokers group, healthy smokers group, and chronic obstructive pulmonary disease (COPD) group. Circulating PeDF concentrations were measured using multiplex enzyme-linked immunosorbent assay. COPD patients had a significantly elevated PeDF level when compared with those of the healthy nonsmoker and smoking subjects (P=0.0001 and P=0.0477, respectively). There was no difference between the healthy nonsmokers and smokers (P=0.2712). The expression of PeDF is presented as the median (interquartile range) and compared by one-way analysis of variance. a value of P,0.05 was considered to be statistically significant. association with the subjects' age, sex, and smoking packyears, which were not related (data not shown). Table 2 shows the spirometry results of the healthy volunteers and COPD patients. Inverse correlations between PEDF and FEV 1 percent predicted (r=-0.3303, P=0.0028; Figure 4A ) and FEV 1 /FVC (r=-0.3116, P=0.0049; Figure 3B ) were observed.
PeDF is reversely correlated with lung function
Multivariate linear regression analysis
Finally, we evaluated the interaction of the aforementioned parameters on changes in PEDF levels across all subjects using multivariate linear regression analysis. As shown in Table 3 , CRP and IL-6 were the independent parameters associated with PEDF.
Discussion
In the present study, we found that CSE can induce levels of PEDF that are 16 times greater than those in the control groups in cultured epithelial cells. Correspondingly, PEDF expression in rat lungs was upregulated twofold by exposure to CS. These results captured our attention, and we proposed that PEDF may participate in the development of COPD. We then compared the circulating PEDF concentrations in COPD patients in a stable condition with those of their counterpart controls. We first demonstrated that plasma PEDF levels in COPD patients were significantly higher than those in either the healthy nonsmoking or smoking subjects. Furthermore, PEDF was correlated with the presence of classic inflammatory biomarkers in systemic COPD. We also found correlations between PEDF levels and lung function decline. Our results indicated the potential relationship between increased PEDF levels and the inflammation involved in COPD, which implies that PEDF may participate in the pathogenesis of COPD.
The identification of PEDF as a proinflammatory factor is reported in several recent studies. 5, 13, 17 Chavan et al 5 observed that the culture medium of 3T3-L1 adipocytes significantly activated macrophages to produce TNF. PEDF was identified as the exact molecule involved in adipocyte-secreted proteins, which regulate macrophages via the PEDF receptor, ATGL/ iPLA2. In accordance with the positive correlation found between PEDF and proinflammatory cytokines in our study, it was reported that exogenous PEDF activated the expression of TNF, IL-1, and IL-6 in a dose-dependent manner. Notably, These interesting findings showed the possibility that PEDF-induced apoptosis may also contribute to the loss of pulmonary parenchyma in COPD.
We first identified that PEDF was increased in the circulation of COPD patients. The findings of our preliminary research showed the possibility that PEDF could contribute to chronic inflammatory responses in the development of COPD. Although there was an increase in the levels in COPD patients as a group, PEDF does not seem to be significantly related to COPD severity. These results might be influenced by several factors. First, whether the destruction of lung parenchyma contributes to the expression of PEDF levels is unclear. Second, the elevation of systemic mediator expression is generally considered to be the outcome of a "spill-out" of PEDF from the lungs of COPD patients; however, complications may also increase PEDF concentrations in circulation.
To confirm this hypothesis, we need to conduct more research on the PEDF levels in the bronchoalveolar lavage fluid of COPD patients and obtain pathological evidence from lung tissues. Another explanation for these results is that we did not have a high enough number of severe COPD patients, and this may have had some influence on the relationship between PEDF levels and COPD severity. Therefore, it is necessary to recruit more stage III and stage IV COPD patients in subsequent studies. A lack of information regarding the molecular mechanisms that regulate PEDF in COPD patients also limits our understanding of the role of this multifunctional protein, which also needs further study.
In conclusion, we first identified that PEDF was induced in either CSE-treated pulmonary epithelial cells or rat lung tissues exposed to CS. Accordingly, we also found that elevated PEDF levels in circulation may be related to the inflammatory response in COPD, and that this can be correlated with the decline in lung function in these patients. Our findings reveal the potential correlation that PEDF may participate in the inflammation involved in COPD.
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We are grateful to Professor Wei (State Key Laboratory of Biotherapy and Cancer Center, West China Hospital, West China Medical School, Sichuan University) for support in this work. The authors acknowledge Dr F Guo for comments on the manuscript. Funding: this study was supported by grants 81470236, 31171103, and 8123001 from the National Natural Science Foundation of China to Dr F Q Wen. Patient consent: our patient consent form was approved by the Ethics Committees at West China Hospital, Sichuan University, People's Republic of China. Consents were signed PEDF performed a potent function in regulating multiple inflammatory signaling. The treatment of recombinant PEDF directly induced p38 mitogen-activated protein kinase (p38 MAPK) and extracellular signal regulated kinase (ERK)1 and ERK2. 13 In COPD, p38 MAPK and ERK1/2 were revealed to be activated in lung structure and inflammatory cells, strengthening inflammatory responses and weakening steroid responses. 18, 19 Moreover, NF-kB plays an essential role in COPD to induce the enhancement of multiple inflammatory genes. 20 In human vascular smooth muscle cells, PEDF can acutely activate the NF-kB signaling pathway, as well as initiate mTOR and AKT signaling. 13 Therefore, the elevation of PEDF levels in COPD patients may play a role in the pathogenesis of COPD by mediating multiple inflammatory signaling processes.
Apoptosis is newly observed in COPD patients and contributes to a loss of pulmonary parenchyma. 21, 22 The proapoptotic property of cellular PEDF is comprehensively discussed. Recent studies have reported that PEDF participated in regulating classic apoptosis pathways, including the PEDF-Fas/FasL and PEDF-NF-kB-caspase 8 pathways. 9, 23 Moreover, our unpublished data showed that PEDF was closely correlated with levels of mitochondrial deoxyribonucleic acid, which can be released into the extracellular space from apoptotic cells. Suzuki et al 24 found decreased levels of vascular endothelial growth factor (VEGF) and vascular endothelial growth factor receptor (VEGFR) I in the bronchoalveolar lavage fluid, induced sputum, and serum of COPD patients. The overexpression of PEDF also induced cell death by inhibiting the phosphorylation of VEGF and VEGFR I, leading to the caspase-3 cascade. 25, 26 International Journal of COPD
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